Colostrum-deprived lambs experimentally infected with an atypical ovine rotavirus isolated from naturally scouring animals, and a naturally infected colostrum-deprived lamb, were examined by immunofluorescence and immunoperoxidase labelling, and electron microscopy. A hyperimmune serum to the virus was produced in a gnotobiotic lamb and used to demonstrate antigen in the villous epithelial cells of the small intestine from infected animals. Scanning and transmission electron microscopy of tissues from infected animals revealed giant multinucleate syncytia composed of fused epithelial cells. Infected cells contained intracytoplasmic virus particles which resembled group A rotaviruses in morphology and morphogenesis. Small numbers of infected cells in MA104 cultures inoculated with ovine atypical rotavirus could be detected by immunofluorescence but virus growth could not be maintained by passage. Virus particles were seen by thin-section electron microscopy but their morphology and morphogenesis were abnormal; they were each composed of a single electron-dense shell, with no core, and were associated with envelopes of smooth membrane rather than rough endoplasmic reticulum.
INTRODUCTION
Atypical rotaviruses, lacking the common antigen now designated A (Pedley et al., 1983) , have been reported in several mammalian and avian species (Bohl et al., 1982; Bridger et al., 1982; Rodger et al., 1982; Chasey & Davies, 1984; Snodgrass et al., 1984; Saif et al., 1980; McNulty et al., 1981 ; Vonderfecht et al., 1984) but are not well characterized. They are found relatively infrequently and when detected do not occur (D. Chasey, unpublished observations) in the large numbers usually associated with typical rotavirus infections in young animals. The state of ovine rotavirus infection in the United Kingdom is however distinct in that lamb group A rotaviruses, originally described in 1976 (McNulty et al., 1976; Snodgrass et al., 1976) , have been almost totally replaced by an atypical variant. This differs antigenically from other group A rotaviruses, has a distinctive atypical 11 segment genome profile and is pathogenic for neonatal lambs in the first week of life (Chasey & Banks, 1984) . Atypical ovine rotaviruses have not yet been assigned to a specific serological group but all isolates so far examined have failed to give positive reactions in ELISA tests designed for group A rotaviruses. Although there is no nucleic acid fingerprinting data, genome profiles from all isolates reveal a greater degree of homology in terms of segment molecular weights than is found amongst different isolates of group A viruses (D. Chasey, unpublished observations). In the absence of precise serological information, however, available evidence indicates that the atypical rotaviruses obtained from scouring lambs are related.
In this report we describe some characteristics of atypical ovine rotavirus replication in naturally and experimentally infected lambs, and in cell culture.
METHODS

Viruses and animals.
An atypical ovine rotavirus (strain 761), giving a negative reaction in a group A rotavirusspecific ELISA test, was obtained from a naturally occurring outbreak of neonatal diarrhoea, and was used to inoculate colostrum-deprived newborn lambs. Inocula were prepared from infected faeces which were clarified by 0000-6836 D. CHASEY AND J. BANKS low-speed centrifugation and treated with a 10°.o antibiotic suspension containing streptomycin, penicillin and mycostatin. In a series of experiments, 10 lambs were infected orally 1.5 to 6 h after birth with 2 ml of either the original inoculum or material prepared similarly from one previous passage in lambs. Control animals were maintained in a similar manner to the infected lambs but received no inoculation. Two infected lambs were killed with sodium pentobarbitone and smal! intestine was prepared for immunofluorescence examination, from one animal, and for electron microscopy from the other. Both animals were killed immediately excreted rotavirus was detected in the faeces by negative stain electron microscopy.
Additional material was obtained from a 1-day-old naturally infected scouring lamb from the Central Veterinary Laboratory flock. This animal, originally intended for other studies, was also colostrum-deprived. Pieces of small intestine were prepared for immunofluorescence or immunoperoxidase labelling, and electron microscopy.
Cell culture. Monolayer cultures of MA104 cells were grown on coverslips in Leighton tubes using modified Eagle's MEM with Earle's salts containing 0.22°~ bicarbonate, 200 mM-L-glutamine and 10~ foetal calf serum (FCS). The growth medium also contained penicillin (100 units/ml), streptomycin (100 mg/ml) and mycostatin (100 mg/ml).
Subconfluent monolayers, 24 h after seeding, were washed three times in MEM without FCS before inoculation with atypical ovine rotavirus. Several virus isolates were prepared as described above and monolayers were incubated in the inocula for 30 to 60 min at 37 °C before washing and overlay with maintenance medium. Some cultures were inoculated with undiluted faecal extracts, followed by thorough washing, and some included trypsin treatment (Sigma Type IX); inocula were incubated for 1 h at 37 °C with 10 ~tg/ml trypsin before monolayer inoculation, and 2 ~tg/ml trypsin was added to the overlay medium. Maintenance medium for all cultures was MEM containing 0.1 ~, bovine serum albumin in place of the FCS. Control cultures were maintained in identical conditions but received no faecal inoculation.
Infected and control cultures were examined regularly at 24 h intervals and, after freezing and thawing, several passes were made on fresh monolayers, with or without trypsin, every 3 to 4 days.
Antisera.
A specific hyperimmune antiserum to atypical ovine rotavirus, 76l, was raised in a gnotobiotic lamb.
The animal was given terramycin, and inoculated orally with virus as described above. An additional oral inoculation was given 16 h after infection and an oral boost was administered 3 weeks later. A preparation of virus was partially purified by an Arcton extraction procedure based on the method of Pereira & Valentine (1958) , and injected intramuscularly with Freund's complete adjuvant (Difco) 6 weeks after initial infection. The first serum was taken 3 weeks later.
Immunofluorescence and immunoperoxidase labelling. Pieces of small intestine from infected Iambs were frozen in liquid nitrogen and cryostat sections were cut and fixed in acetone. Infected and control coverslip cultures were similarly fixed, and both tissue and cell monolayers were examined by indirect immunofluorescence. Primary incubation with 761 hyperimmune serum at 1:20 dilution was for 1 h followed, after washing, by incubation in rabbit anti-sheep-fluorescein isothiocyanate conjugate (Nordic Immunological Laboratories, Maidenhead, U.K.) at 1 : 60 dilution for 30 min. Control sections were incubated with serum from a rotavirus-free colostrum-deprived lamb. Sections and monolayer cultures were examined without counterstain.
Immunoglobulin from the hyperimmune serum was prepared by caprylic acid precipitation (Steinbuch & Audran, 1969) and conjugated directly with horseradish peroxidase (Sigma Type VI) by the periodate method of Wilson & Nakane (1978) . Acetone-fixed cryostat sections and coverslip cultures were incubated for 15 rain with a 1:10 dilution of this conjugate followed, after washing, by the enzyme substrate 3,3"-diaminobenzidine. Preparations were air-dried, mounted without counterstain in DPX mountant (BDH) and examined in bright field. Control sections were prepared in a similar manner with a peroxidase conjugate specific for a group A rotavirus of bovine origin, used in place of the atypical ovine rotavirus conjugate.
Polyacrylamide gel electrophoresis (PAGE)
. Viral nucleic acid from infected faeces or intestinal contents was extracted and examined by slab gel electrophoresis according to previously described methods (Herring et al., 1982; Chasey & Davies, 1984) .
Electron microscopy. Faeces or intestinal contents from experimentally and naturally infected lambs were examined by electron microscopy using potassium phosphotungstate (PTA), at pH 6-6, as negative stain.
Animals were killed with sodium pentobarbitone and representative pieces of small intestine were taken within 10 min of death and prepared for transmission and scanning electron microscopy. Tissue was fixed in 3~ glutaraldehyde in 0.1 M-sodium phosphate buffer pH 7.3, for 24 h at 4 °C and post-fixed in 1 ~o osmium tetroxide for l h at 20 °C. Material for transmission microscopy was dehydrated in ethanol and embedded in Araldite. Thick sections were cut and stained with 1 ~ toluidine blue and examined by bright field light microscopy. Thin sections were stained with methanolic uranyl acetate and aqueous lead citrate (Venable & CoggeshaU, 1965) , and examined in a Philips 410 LS electron microscope.
Pieces of intestinal epithelium were prepared for scanning microscopy by treatment with thiocarbohydrazide (Malick & Wilson, 1975) , followed by critical point drying after dehydration in ethanol. Tissue was mounted on stubs, lightly coated with evaporated gold, and examined in a Cambridge Instruments 250 scanning electron microscope operating at 20 kV.
Infected and control cell cultures were stained with toluidine blue and examined by bright field microscopy. The monolayers were fixed and dehydrated conventionally in situ on the coverslips and flat-embedded in Araldite for transmission electron microscopy. Before sectioning the cured blocks were separated from the glasscoverslips by thermal shock in liquid nitrogen, and thin sections were stained with uranyl acetate and lead citrate.
R E S U L T S
Animals
Seven of the 10 experimentally infected lambs developed diarrhoea from 16 to 24 h after inoculation. Rotavirus particles were detected in the faeces by electron microscopy and the corresponding 11 segment genome profiles, characteristic of atypical ovine rotavirus (Chasey & Banks, 1984) , were obtained by electrophoresis. No other RNA profiles were present and no other pathogens were seen by electron microscopy. Control animals did not scour and viruses were not detected in faeces. Rotavirus particles were detected in the flock from which the naturally infected lamb was taken and genome profiles characteristic of atypical ovine rotavirus were demonstrated; infected faeces gave a negative reaction in a group A rotavirusspecific ELISA test. This lamb scoured severely 24 h after birth and particles were present in the faeces and small intestinal contents.
Weak immunofluorescence could be detected in the mid-region of the small intestine of the experimentally infected lamb but strongly positive labelling was found in the naturally infected animal. Fluorescence was restricted to the mid-region of the small intestine and was confined to villous epithelial cells. No fluorescence was seen with control serum from a rotavirus-free colostrum-deprived lamb. Cytoplasmic labelling was predominantly at the villous tips but infected cells could be observed over the full length of the villi. Similar positive labelling was obtained with the immunoperoxidase method ( Fig. 1) and controls, using the group A rotavirusspecific conjugate, were negative. Villous architecture in the experimentally infected lamb, when e x a m i n e d by scanning electron microscopy, appeared normal along most of the length of the small intestine (Fig. 2a) . Towards the distal end, however, villi became stunted and epithelial cells were swollen and fused. G i a n t cells depleted of microvilli were prominent at villus tips (Fig. 2b, c) . Thick sections of corresponding resin-embedded material showed swollen, translucent epithelial cells m a n y of which were fused together to form large multinucleate areas (Fig. 3) . Closely packed nuclei were evident by low magnification transmission electron microscopy (Fig. 4) and the giant cells often showed vacuolation and loss of microvilli.
Virus particles were found in the cytoplasm of giant cells or adjacent unfused epithelial cells. They resembled rotaviruses and the general features of complete and incomplete particles were consistent with previous descriptions of rotavirus morphogenesis (Fig. 5, 6 ). Precursor particles, 35 to 40 nm in diameter, were associated with dense, amorphous, unbounded inclusions, and single-and double-shelled particles, 60 and 80 nm in diameter respectively, were observed within cisternae of rough endoplasmic reticulum. Most particles had dense cores. Regions of disseminated amorphous material of high electron density, distinct from the precursor inclusions, were also present in areas of virus replication (Fig. 7) . Virus particles were not found in large numbers in any individual enterocytes, even those that had sloughed off the villi and fragmented.
Cell culture
No discernible c.p.e, could be detected in most of the inoculated cell monolayers. Cultures infected with one isolate (1168) of atypical ovine rotavirus developed a generalized, mild and 'indeterminate' c.p.e. 2 days after inoculation with unpassaged or first passage material. Uninfected controls did not show this effect. In some cultures infected with isolate 1168, immunofluorescence, using the hyperimmune antiserum to strain 761, revealed small numbers of isolated fluorescing cells. No fluorescence was detected in controls. Replicate cultures stained with toluidine blue and examined in bright field showed large stain-filled cytoplasmic inclusions, several microns in diameter, which were generally in single cell foci and few in number. They were not homogeneously stained and contained dense ring-like and reticular forms. The inclusions sometimes occurred in small groups (Fig. 8) , and were not found in control cultures. The examination by light microscopy of thick sections of resin-embedded cells showed both dense, membrane-bound inclusions and numerous 'vacuoles' containing lightly stained material, the complexity of which was shown clearly by electron microscopy. The general architecture of many cells was poorly preserved and the pleomorphic vacuoles contained reticular or membranous debris (Fig. 9) . Dense, membrane-bound inclusions contained tightly packed, disorganized membranous and amorphous material and small vacuoles or vesicles (Fig.  10) . showing foci of dense Virus-like particles were found scattered throughout both the large vacuoles and the dense inclusions. They were never very numerous and could not be detected in all the structures examined. They were uniform in size, approximately 50 nm in diameter, and were composed of a single electron-dense shell with apparently empty centres. Particles with dense cores were seen infrequently. Small, dense, amorphous inclusions, resembling those associated with rotavirus precursor particles (see Fig. 5 ), were commonly found but almost always in areas devoid of viruslike particles. A rare example of such an inclusion adjacent to a relatively large group of particles is illustrated in Fig. 11 , but there is no indication of budding. Particles in groups were often contained within envelopes of smooth membrane, and association with rough endoplasmic reticulum was not observed. Areas of disseminated amorphous material of high electron density (similar to that shown in Fig. 7 ) could be distinguished within the large dense inclusions (Fig.  12) .
Small groups of extracellular filamentous mycoplasmas were observed in infected cultures but were also found as a contaminant in uninoculated control monolayers. The architecture of control cells was, however, not unusual and they displayed no ultrastructural abnormalities.
DISCUSSION
The replication of three different isolates of atypical ovine rotavirus has been examined and virus morphogenesis has been correlated with immunolabelling and cellular damage. The use of one specific hyperimmune serum has indicated directly an antigenic correspondence between the three viruses from distinct sources.
Atypical rotaviruses are found regularly, but infrequently, in association with neonatal diarrhoea and can be detected by serological methods or PAGE of viral RNA. Virus particles in faeces are also seen by electron microscopy but do not occur in the large numbers often found in acute infections with group A rotavirus. In the present study, atypical rotavirus particles within the intestinal epithelial cells of infected lambs were also scarce. Immunofluorescence and peroxidase labelling did however indicate significant quantities of virus-related antigen within villous epithelial cells in the naturally infected lamb. Although the experimental animal was killed immediately excreted virus was detected, the failure to obtain strong labelling in this case probably reflected the difficulty in selecting the optimum time for examination.
A prominent feature not found with group A viruses was the production, generally at villous tips, of multinucleate giant cells. A similar syncytial formation has been described recently in atypical rotavirus infection in rats (Vonderfecht et al., 1984) and pigs (Askaa & Bloch, 1984) , and this type of rotavirus-induced histopathology may be confined to the atypical groups only. In other respects, however, the pattern of viral morphogenesis and cell and villus damage was similar to that occurring typically in group A rotavirus infections in lambs (McNulty et al., 1976) and other species (Altenburg et al., 1980; Chasey & Lucas, 1977; Saif et al., 1978; Suzuki et al., 1981) . The morphogenesis of other atypical rotaviruses, in chickens (McNulty et al., 1981) and in piglets (Askaa & Bloch, 1984; Chasey et al., 1986) , also conforms to this description.
Atypical rotaviruses have proved difficult to propagate in vitro. In the present study several attempts to cultivate ovine virus in MA 104 and primary calf kidney cells, by protocols with and without trypsin, were initially unsuccessful and, although infected cells were eventually detected in MA 104 cultures, the virus could not be maintained by passage; a similar difficulty in adapting ovine group A rotavirus to cell culture has been reported (McNulty et al., 1976) . Makabe et al. (1985) , however, have adapted ovine rotavirus to growth in MA104 cells by treatment with pancreatin rather than trypsin, but cytopathic changes and corresponding immunofluorescence were obtained only after four to six blind passages. The in vitro infection of cultured MA 104 cells with an atypical porcine rotavirus has recently been reported (Theil & Saif, 1985) . Virus, untreated with trypsin, was centrifuged onto monolayers and multinucleate syncytia were observed by either bright field microscopy or immunofluorescence. This observation is consistent with the formation of multinucleate syncytia after in vivo infection with other atypical rotaviruses. Serial passage of the atypical porcine rotavirus could not be obtained and, like the present study with ovine virus, c.p.e, could not be detected beyond the second passage. In the present study, virus replication was confirmed by electron microscopy of thin sections but the pattern of morphogenesis was unlike that found in vivo. The small numbers of incomplete, coreless particles were probably non-infectious and this could be consistent with their failure to adapt to growth in cell cultures. A similar unusual morphology has been observed previously with group A rotavirus infection in piglets and primary calf kidney cells. Single-shelled particles, 50 to 65 nm in diameter, were found within large membrane-bound inclusions or vacuoles and, although containing electron-dense cores, were distinct from common rotavirus particle types and intermediate forms. The infectivity of these 'defective' particles, designated Type IV (Chasey, 1977) , was not established.
The segmented nature of the double-stranded RNA genome in rotaviruses facilitates the cross-hybridization of different strains, and the continuing emergence of distinctive serogroups might reflect this. Sequential infections of avian (McNulty et al., 1984) and porcine (Debouck et al., 1983) atypical and group A rotaviruses have been described, and simultaneous mixed infections within individual piglets in a herd have been found (D. Chasey, unpublished observations). Although the contribution of atypical rotavirus infection to the overall pattern of enteric disease is not known to be high, antibody to established atypical serogroups is widely distributed in pigs in the United Kingdom (Bridget & Brown, 1985; Chasey et at., 1986) , and the common occurrence of atypical viruses in sheep and the existence of a virulent human strain in China (Hung et al., 1984) indicate the potential significance of these and other serogroups. Adequate characterization of all atypical rotaviruses is therefore of importance, and continuing studies on their adaptation to growth in cell culture are particularly relevant.
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